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CHARACTERISTICSOFFOURNOSEINIJECSASMEASURED

ATMACHNUMBERSBEIWEEN1.4AND2.0=

ByGeorgeB.Brajnikoffand

SUMMARY

ArthurW?Rogers

Thepressurerecovery,massflow,andaxialforceoffourbodies
withnoseinletsweremeasuredatMachnumbersbetween1.4and2.0and
anglesofattackof0°,3°,6°,and9°. TheReynoldsnumberbasedon
themodelinletdiametersvariedbetween0.4snd0.8million.Schlieren
photographsofmodelsat0°angleofattackwereusedforcalculationof
theexternalwavedragresultingfromthebowshockwaves.

Thedragcoefficientsofaxiallysymmetricdiffusersoperatingat
themaximummass-flowrateswerecalculatedfromschlierenphotographs
oftheheadshockwavesandfrictionaldragconsiderations.Thecalcu-
lationsshowedgoodagreementwiththemeasuredvalues.Atreducedmass-
flowratiostheagreementwasonlyfair.Theresultsalsoshowthatthe
externaldragofaxiallysymmetricductedbodiesat0°angleofattack
canbepredictedtoa gooddegreeofaccuracyfromtheoreticalconsider-
ationsalonejiftheentranceflowissupersonicandthepointoftran-
sitionoftheboundarylayerisknown.

b general,itwasfoundthattheminimumaxial-forcecoefficient
occurredwithmaximummassflowthroughthediffuser,anda smeU
reductioninthemassflowresultedina largeincreaseintheaxial-
forcecoefficient.Atreducedmassflowstheeffectofmassflowonthe
total-pressurerecoveryofa diffusertitha subsonicora supersonic
entrancewassmall.ChangesintheangleofattackfromO0 to9°gen-
erallycausedsmalldecreasesinthetotal-pressurerecovery.InalJ
caseswhenthemaximummass-flowdecreasedwithincreasingangleof
attacktheminimumaxial-forcecoefficientincreasedbya considerable
amount.

%upersedesrecentlydeclassifiedNACARMA51C12byGeorgeB.
BrajnikoffandArthurW.Rogers,1951.
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INTRODUCTION

The totaldragofa supersonicaircraft
a ramjetenginemaY beincreasedappreciably

propelledbya turbojetor
byanimproperlydesigned

inductionsfitem,partic-ly inviewof&e &ge size-oftherequired
airinletinrelationtothefuselage.Simultaneously,a loweffi-
ciencyofthesysteminrecoveringtherampressurereducesthethrust
availziblefromtheengine.Tbavoidsuchconsequences,a designermust
beabletoesttmatethecharacteristicsofinletconfigurationslikely
tosatisfyhisdesignrequirements.

Forthecasesofentirelysupersonicflowaroundsxiallysynmmtrlc
cowlingsthearternalpressureorwavedragduetoinletscanbedete~
minedtheoretically(references1 and2). Whensuchinletsoperateata
reducedmassflow,a transonioflowregionexistsaroundthelipofthe
inletandanentirelytheoreticalsolutionbecomesextremelyclifficult.
Insuchcasesitismostpracticaltoresorttoexperimentalmeasure-
mentsofthe&3g forceortoshadowgraphorschlierenpictures.Once
theshapeS& locationofthebowwaveareknown,itispossibleto
determinethepreesuredragbythemethodsofreference3 and4. A
fairestimateofthefrictionaldragofa cowllngatsupersonicMach
nnibersmaybeobtainedthroughapplicationofthepresenttheoriesfor ,.
various”typesofboundarylayers(references5 to8),providedthatthe
locationofthetransitionregiopisknownsadtherearenostrong
adversepressurefieldsactingontheboundarylayer.Thepressure
recoveryatsupersonicspeeticanbe estimated.incasesoftwo-
dimensionalor axiallysptric inletsreceivinglittleornoboundary
layerbythemethodsofreference9.

FouraxiallysymmstricnoseinletshavebeentestedintheAmes8-
by8-inchsupersonicwindtunnelinordertoprovidea basisforcompa&
isonwithscoopinlets.Itisthepurposeofthisreporttopresentthe
characteristicsofthesenoseinletsasdeterdnetlbyforceandpressure
measuranentsandtoc-e themwithvaluescalculatedbyvarious
methods. Sinceforcesweremeasuredinthedirectionofthemodelsxis
only,theaxial<orcecoefficientsarepresentedinsteadofdragcoef-
ficietis.Althoughaxialanddragcoefficientsaresmnymousonlyat
zeroangleofattack,@ synibolswereusedforaxialforcesforthe
sakeof‘simplicity.- -

A area,squarefeet

a speedofsound,feet

SYMBOLS

persecond
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additivedragcoefficient(duetodiffusionaheadofentrance),
dimensionless

fore-dragcoefficient
(&)~

dimensionless

exterualaxial+’orcecoefficientmeasuredalong

($
De— , Umensionless

%#re

c)
r%wave-dragcoefficient— , dimensionless
o+ef ~

modelaxis

externalforceactingalongmodelaxis(doesnotincludeinternal
flowdragorbasedrag),pouuds

forceactingalong
pounds

forceactingalong
su7Xace,pounds

modelaxis(doesnotincludebasedrag),

modelaxisduetofrictiononexternalmodel

inletdiameterofcuwling,feet

totalpressure,poundspersquarefoot

averagetotalpressureatsurveystationmightedcmareabasis>
pounds~r squarefoot

lengthofs~sonicdiffuser,feet - 1

Machnuniber
()
v~ jd~si~ess

masEAlow

mass-flow
tothat

rate (pVA),slugspersecond
.

ratio(ratioofmassflowingthroughthediffuser
flowinginthefreestreamthruughanmaequal

tothatoftlx-flowareaattheinletstation,
‘* ),aimensicmb-

()P+POstatic-p?essureooefficient — ,dimensionless
qo

staticpressure,poundspersquarefoot

-c pressure
()
+p@’ , poundsPersq= foot

bodvoxtiinate.inches

-.-.—— -.—. ——— — —..- —
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Reynoldsnuniber
0
Va ,d3mensicmlessT

velocity,feetpersecmnd

distanoefrominletstationsJx3ngmodelaxis,feet

angled?attaok,degrees

ratioofspecificheatsforair= 1.~, dimensionless

kinematicvisoosity,feetsquaredperseoond

=SS density,ShI@ peroubicfoot

subscripts

freestream

inletstation

diffuser exit

settlingchamber(rakestation)

outletstation(ohokedflow]

planesurfaoenormaltomodelaxisandinstitutingtherear
hounUmyofthemodel

referenoearea(frontalareaofbodyexposedtostream),square
feet

APPARATUS

Wind.-TunnelandDragBalance

Thetestsofthisinvestl@ionwereperfmmsdintheAms 8-by
8-inchmpersonicwindtunnelintherangeofMachnunbersbetween1.40
and2.01.TheRe~dds nunberperfootoflengthwasapproxlmtel.y8
millionatthelowestl@chnuniberand11millionatthehighest.A
detaileddescriptionofthe*I anditsauxiliaryequipmntispre-
sentedh reference10.

—.—. — — .- —.. ..-———
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. Figure1 showstheapparatususedtoobtainsimultaneousmeasurs
mentsoftheaxialforce,massflowjandthepressurerecoveryofsupem
sonicdiffusers.As shown,a modelismountedona steelshellthat
floatsonthreerowsofbearingballsinsidea stationaryshellsuw
portedbytwostruts.Theforeandaftmotionoftheinner she12is
restrictedonlybythestraingageusedformeasuringaxialforces.
Shroudshavingsamewhatsmallerforwarddiametersthanthebasesof
modelsprovidefairingbetweenthebasesofthemodelsandtheouter
shell.Theshroudsandthestationaryshellhaveorificesformeasuring
staticpressuresactingonthebaseofthemodelandtheendsofthe
floatingshellsothatcorrectionsforthesepressuresbeingotherthan
thefree+treamstaticpressurecanbemade.Insidetheinnershell,
whiohservesasa settlingchamber,isa surveyrakeconsistingoffour
totaland.threestaticpressuretubes;thisrakecemberotatedfrom
outsidethewindtunnelthrough3&1°bymeansofageardrive.Thenass
flowthroughthemodeliscontrolled.bya variableareaotiletconsist-
ingofa stationaryringandanadjustableplugoperatedbya wedg~
drivesystem.Theringismountedrigidlyonthesurvey-rakeshaftso
thatthereisa clearanceof0.005inchbetweenitsouterperipheryand
theinnershell.Thoughsuchanarranganentdoesnotallowreductionof
massflowtozero,itprovidesa meansforvaz@ngtheflowratewithout
exertingadditionalpressureforcesontheinnershell.Measurements
witha modelatanglestothestreamdirectioncanbemadeatanglesof
3°,6°,@ 9°byattachingthebalanceattheproperangleinrelation
tothehorizontalstrutasshowninfigure1.

Mom DESCRIH!ION

Figure2 showsthemodelstestedandgivestheirpertinentdhe~
sions.Thefirstmodel,whiohwasusedtodeteminetheaccuracyof
forcemeasurement,wasa coneof 200 includedangle;ithadeightori–
ficeswhichwereusedtoobtainthepressuresactingonthesurfaceof
theconeatthetimeofthedzag-foroemeasuranentat0°angleofattack.

. Thetwoope~noseinletmodels,designatedA andB,hadthesameexternal
shape.TheentrancesectionofmodelA wascylindricalfora lengthof
1.5diametersandwasfollowedbya cliffuserofconstantdivergence
angle.ModelB hada contractingentrancedesignedsothatsupersonic
flowthroughtheinletcouldbeestablishedat%=1.60,accordingtothe
relationsforaninviscid,one-tMmensionalflow.Thecontractiawas
followedbya shortconstan~easection,thepurposeofwhichwasto
stabilizea swallowednormalshockwave.Thissectionwaslocatedso
thatata freestreamMachnumberof1.P theobliqueconical+hockwave
fromthecuwlinglipwouldbeneutralized,iftheflowweretw~
dimensional,bytheexpansionwaveoriginatingattheforwardendofthe
straightsection.SubsonicUffusionwasaccomplishedbya passageof
constantdivergenceangle.
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ModelCwasa oonioal+huckdiffuserdesignedtohandleappr~-
imatalythessmemassofairpersecondata Machtier of2.01asthe
openaosediffuserA atitsmaximumfluw=rateconditia.ModelC hada
25‘-semiangleconeanda cmwlingwitha roundedliplocatedsothata
Me olningtheapexoftheGoneandthelting edgeofthecowlmade&a 45 amglewiththemodelaxis.Thevariationofthedlffuse~ea
rationormaltothe~flow directionisshowninfigure3. Atthe
designhfaohnuniberof1.8the-user wastooperatewithanexternal
normalshockwave.Thlsmodelwasaboutone-eighththesizeof@
similartoa oonioal-shockdiff’wertestedattheIiACALewisLaborato~
inthe~ by6+footsupersonicwindtunnel.

ModelD hada 30%emianglecone@ a cowlingtitha sharplip
locatedona lineorigi-tingatthea~exoftheconeandmakinga 46°
anglewiththemodelaxis.ThemexbmzmfrontalareasofmodelsC and.D
werethesame,butmodelD wasdesignedtohandleapproximately0.7of
themassflowofmodelC inthetestrangeofMaohnunibers.Theexternal
surfaceareaandlengthofcowlingD were55and@.6 percentofthose
ofmodelC,respectively,andmodelD hadsteeperanglesbetweenthe
externalsurfaceandthemodelsxis.The200oone,thecentralbodies
(inletcones),andthecowUngswerehighlypolished.toensurethelong+
estrunoflaminarboundarylayerpossibleundertheexistingtest
conditions.

TEST MIEcEolE

Instrumentation

The tunnel total pressure, the survey-rake pressures, andthe base
pressures weremeasuredona multiple-tubemercurymanometer.Dibutyl
phthalatewasusedtomeasurethedlfferenoesbetweentotalandstatic
pressuresregisteredbythesurveyrakeatl~ss flowrates.The
totaltemperatureoftheflow- thetemperatureofthestraingage
(usedforoorreotingthegagereadingsforthermalshift)weremeasured
byiihermocouplesregisteringthetemperatureonanindicatingpotenticm+
eter.Measurementsoftheaxialforceaoti@onthestraingagewere
obtainedintermsofdeflectionofa dynamicallybalamedgalvanometer
calibratedforthegageinuse.Theflowaboutthemodelwasobserved
andphotographedthrougha schlierenapparatushavinga lmtfe edgeP
alleltothedireotionofthefreestresm.

Procedure

The wind tunnel was oalilmateti withthe aidofa rake offive
statio-pressureprobestodeterminethestatio-pressuregratients

.
——. — -.. .— - ...— — .— .- .--—- ———.
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existinginthetestsectionatthenominalMachnuriibersettingsof
1.40,1.50,1.70,1.90,and2.ol. Duringthecalibrationandthesub-
sequenttests,thetunneltotalpressurewasrdntainedbymanualco=
trel.within+0.1inchofmercuryofthepreassignedvalue.Ingeneral,
thetestprocedurewassimilartothatofreference10.

Thenuniberofpressureandforcereadingsata fixedmass+flowrate
andclifferentangularpositionsofthesurveyrakevariedf~ ~ to10,
dependingontheuniformityofthetotal-pressuredistributioninthe
diffuser.Thepressurerecoveryandtheaxialforceweremeasuredfor
sixmass-flowratiosata givenWch mmit)erandangleofattack;the
mass-flowsettingsweredecideduponati~ thetestaftera prelimimq
observationoftherateofaxialforceandpressur-recoveryvariation
withtheoutle-ea changes.

RetiuctionofData

ona
Thetotal=pressweratioI@& asshownonthegraphs,isbased
valueofpitotpressureweightedaccordingtoarea.Thisaverage

Thisequationwasderivedontheassumptionthattheflowwastiiscia
ando~nsional innature;withtheexceptionofa correctionfactor
C,thisrelationisidenticaltothatgiveninreference10. Thisfac-
torwasobtainedbytestingopen-nose~nletsof
operatingwithswallowedheadshoalswaves.The
beindependentofemll changesinthevelocity
rakestation.

Theexternalaxialforcewasdeterminedby

variousinletdiameters
factorC wasfoundto
profileatthesurvey-

subtractingfromthe
forcemeasuredbythebalancethesumoftheforcesdueto-(l)the
changeofmomentumand.static~essureoftheinternalflowfzmmthefree
streamtotherakestation,(2)thebasedrag,and(3)theforcedueto
buoyancy.Thebasedragforceswerecausedbypressuresotherthanthe
free+treamstaticpressureactingonthebaseofthemcdelandthe
floatingshell.Thebuoyancyforcewasmnsideredtoequaltheint~
gratedprOauctofthelocalincrementinthetunnelstaticpressure
(existingbetweenthelocalandthereferenoestationsintheabsenceof
a model)andthelocalclifferentialelementoferbernalsurfacearea
normaltothemodelaxis.Sincetheforcenormaltothemodelaxiswas
notmeasured,onlytheaxial-forcecoefficientsarepresented.At 0° .

. . . . ..— —-—— ---— — —— —.-.——— ————- —



..— — -.- . ..._ . . ..—.

a WCA m 3724

angleofattacktheexternalaxial-force
externaldragcoefficientswhichinclude
diffusionaheadoftheductentrance.

coefficientsareequaltothe
theCOWIdrag~a dragam tO

AccuracyofResults

Theaccuracyofthetestresultsdependedprincipallyonthethe
correlationaswellastheprecisionofthepressureandforcemeasure-
mentssinceinmanycasestheflowthroughthemodelwasunsteady.
Althoughtheforcereadingsandthephotographsofthemanometerboard
weretakensimultaneously,theclifferenceinres~onseofthemeasuring
apparatustochangesinthemeasuredquantitiesintroducederrorsof
-tides determinedbythefrequencyandthesnrpl.itudeofthevari-
ation.TheinaccuraciesduOtothevariouscauses,togaEherwiththeir
maxhuumcumulativemgnitudesestzlmatedintermsoftheexternalaxial-
forcecoefficientofthenmdeltested,aretabulatedasfollows:

I. Steady-flowconditions(verysmallandslowvariationk Ho)

A.20°cone

Sourceoferror: ~%e

1.Wmometerprecisionandlag.....e............ 0.002
2.Balancefriction............................. .001

Maximumcumulativetotal...................0.003

B.Diffusers

Sourceoferror: %
1.
2.
3.

Manometerprecisionandlag.................. 0.002
Balancefriction...............i............. .003
Internalflowmcmentumestinw.te............. .003

Maximumcumulativetotal● m*998m*998. a● mama0.008

II.Atunsteadyflowconditionstheaccuracyofaxial-forcemeasure-
mentswaspoor.

Figurek showstheresultsofforoemeasurementsmadewitha 10°-
semiangleconesetat@ angleofattack.Thisfigurealsoshowsthe
theoreticallypredictedvaluesd theshock+rave,orpressure,dragtaken
tirectlyfromthetablesctreference11andthefrictionaldragas
estimatedonthebasisofthelow-peeds=frictioncoefficientsgiven

%%s mass-flowratioesthatesarebelievedcorrectto*1-1/2percent. ..

—. — —.. -.—..—— — —-.. .— —... —
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inreference5,correctedforccmqwessibilitybythemethodofreference
8,and-modifiedforthethree-dimeneionalfloweffectassuggestedin
reference12. Alltheturbulentski=frictioncoefficientswereco-
rectedforcompressibilityusingthepropertiesofairatthemodelSG
faceassuggestedinreference7. Itisevidentthattheexperimental
and.theoreticalpressursdragcoefficientsagreedverywell,andthat
thetotalforedragoftheconeasmeasuredbythebalancealsoagreed
withintheexpectedaccuracywiththepredictedvaltiesoftotaldrag
basedontheassumptionthattheboundarylayeronthemodelwaalaminar.
Therepeatabilityandconsistencyoftheresultsofdrag-forcemeasure
mentsindicatethatthedragbalancepetiozmedsatisfactorily.

RESULTSANDDISCUSSION

Ope&NoseDiffusem

Thevariationofthetotal-pressureratioandtheexternalaxial-
forcecoefficientwithmass-flowratioofmodelA isshowninfigure5
forOOangleofattagkatl@eefree-streamMachnunibers.Withsupe-
sonicflowthroughtheinlet(mJ~=l.0),themaximumtotal-pressure
mitiosinthesettlingtier ofmodelA were0.93to0.95ofthetheo-
reticalrecoverythrougha normalshockwave.Largetransversepressure
@ents asa resultoftransitoryseparationofflowoccurredinthe
diffuserwhenthearearatiobetweentheexitandtheinletwasincreased
morethannecessaryfortheentranceofthenormlshockwaveintothe
inlet.Thiscond.itionwasmanifestedbythelargeerraticvariationsin
thereadingsofthesurveyrakeandwasresponsibleforconsiderable
scatteroftheforcedataatlargearearatios.

Theexternalaxial-forcecoefficientofmodelA increasedrapidlyat
allMach-era withtheemergenceofthenormalshocktoa position
ahead.oftheinlet;asthemass-flowratiowasreducedto0.9from1.0,
thecoefficientapproximatelydoubledinnmgnitude.Unfortunately,the
wavedragofmodelsA and.B operatingatnwm-flowratiosbelow1.0could
notbecalculatedfromtheschlierenpicturesbecausethephotographsdid
notcovera sufficientlylargepxrtoftheheadwave(seeappendix).

Atmss-flowratioslessthanthemaximum,theportionofthedrag
duetodiffusiun(theadditivedrag)canbeobtainedbythemgthodof
reference13. Thisadditivedragisaccompaniedbya changeinthepres-
sures~ t-kextezmalsurfaceofthediffuser(reference14). Inthe
presenttests,thesepressureswerenotmaeuredandthetheoretical
additivedragcoefficientsweresimplyaddedtotheminimumdragc@f-
ficients.Thus,thedifferencebetweentk masuredendtheestimated
dra~risecurvesistheresultofneglectingthechangeinpressureon
thecmling,ofexperimentalandtheweticalinaccuracies,andpossibly

. . —. ...——_— _ _. -—. —.— .———-— —.- .—.. —..__
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Ora obangeinthelocationoftheboundary-layertransitionregion.
However,figure5 showsthatthemaJorportionofthedragrisecanbe
predioted.evenM thesefaotorsareignored.

Figure6 showsthetotal-pressureratioandtheexternalaxial-
foroe-coefficientvariationwithmastilowratio,angleofattaok,and
MaohnumberformodelB. Themaximummass+flowratioattheMaohnumber
of1.4wasonly0.97beoausethecorrtractionoftheentmnoeseotionwas
toogreattopermitthenm?malshockwavetoentertheinletatthat
speedortoremaininsidethediffuserat ~ = 1.4 afterentryata
higherMaohnuniber.Thetotal-pressureratioandtheaxial<orcecoef-
ficientofmodelB attheWch nuniberof1.4 werenearlythesameas
thoseofmodelA forequalmas~lowratios.Ata Woh nunberof1.7
andhigher,theheadshockwaveenteredtheinlet.Itspositiondepended
entirelyonthestaticpressureinthesettlimgchamberofthemodel,
anda hystereticvariationofthetotal-pressureratiowiththemass-flow
ratiowasobserved.WS is~oated infigure6 bya peakinthe
pressur+recove~mrvesat mJ~=l.O. Themaximumtotal-pressure
ratiosofmodelB were0.02toO.Okhigherthanthoseofmdel A or
approxhwvtely0.95to0.98ofreooverythrougha normalshookwave.At
equalmass+flowratiosthesxternalaxial=forcecoefficientsofmodelsA
W B werenearlythesame.

Theeffeotsofthe angle ofattaokonthecharacteristicsofmodel
B,asshowninfigure6,weregenerallysmll. Theexternalaxial-force
coefficientseemedtoinoreasewithaninoreaseintheangle,butthe
datawereinconclusivebeoausethemagnitudesofthemeasuredeffects
werecomparableto~erimentalsoatter.

Figure7 showBthevariationofthetininnnnexternalaxial-force
coefficientsofmodelsA andB withMauhnumberat0°angleofattack;
italsopresentsthevaluesofthepressuredrag,aspredictedbythe
methodofreferenoe1,andthelsminarandturbulentfrictiondragcal-
culatedfromthelow-peedskin+t’rictioncoefficientsofreferenoe5. A
compressibilitycorrectiontotheturbulentskin-frictioncoefficients
hasbeenappliedassuggestedinreferenoe7,usingthepropertiesofair
atthecowlingsurfaoe.TheUmi- frictioncoefficientswereoorreoted
forcompressibilityusingthemethodofreferenoe8. Thecalculations
weretie ontheassumptionthatthefrictionalforoeontheexternal
surfaceofeachmodel(AandB)wasequaltothatona flatplateof
lengthandareaequaltothoseofthecow~ngs.

Themimlnumexternalaxial<orcecoefficientsofmodelA showgood
agreementwiththepredictedvaluesofdragcoefficientsatallMaoh
nunibersexcept2.01.A plausibleex@anationforthehighvalueofthe
experimentalcoefficientat
@X@M & figure8. A fila

lQ==.01ispravidedbytheschlierenphoto-
pressuredisturbancemaybeseenoriginating

.

“

—- ——. —..——. ..— -— _—— .—— —_.—
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h onthemodelata stationlocatedapproximately0.4ofthemodellength
fromtheentrameatthehigherMaohnuniber.Sincethisphenomenon
existedonlyatthehighestReynoldsnumber,Itisreasonabletoassume
thatitwascausedbyboundary-layertransition.2 Thedragooeffioient
calculatedontheassumptionoflaminarboundarylayerexistingonthe
modelupto40peroentofthemwl length,andfullyturbulentlayer
fromthereon,agreesfairlywell.withthemeasuredvalue.(Seefig.7.)
Betteragreementwouldbeobtainediftheadditionalwavedragdueto
thepressuredisturbancewerenotnegleoted.Itshouldbenotedthat
theReynoldsnumberbasedonthelengthofthelaminarportionofthe
boundarylayerisquitelowfornaturalt?.ansition(Re=l.14mi1210n).

As shownh figure7,theminimumexternalaxial-forcecoefficient
of-1 B ata kch nuniberof1.4wasalmostoneandone- timesthat
ofmodelA. Theinoreaseapparentlywasduetothespillagearoundthe
cowlinglipoauswlbytheexternalnormalshookwave,Ata Machnuniber
of1.5,thehighervalueofthe~ axial-foroecoefficientpre=iba
whenoverspending(approachingthetestMachnumberfroma highervalue)
wasnotusedtoestablishsuperscmicflowthroughtheinlet.Thelower
ccefficientwasobtainedforthediffuserwhentheentranoevelooitywas
supersonic.AtMachnumibersinexoessof1.5theheadshookwaveentered
thediffuserwithoutoverspending,andtheminimumaxial-formcoef-
ficientsofmodelB werecmparabletothoseofmodelA. Solil.ieren
photographsofmodelB revealthatatthefree-streamWch numberof2.01
transitionoftheb~y’ layerappearstohavemourred,atthesam
locationasthatofmodelA andapparentlyoauseda similarincreasein
themeasuredaxial-foroec~fficient.

Conioal.-shockDiffusers

TheCharacteristicsofmodelC areshowninfigure9. Itwasfound
necessarytoincreasethelowesttestMch nwiberto1.5inorderto
avoidohokingthetunnelwhenthemodelwassetat9°angleofattack;
however,nodifficultywasencounteredat%=1.4foru=O”.

ThegeneraloharmteristicsofflowthroughmodelCweresimilarto
thosethroughtheopen+nosediffuserswiththeexceptionthata region
offlowinstabilitywasencouderedwhenthemass-flowratioofmodelC
wasreducedbelowaboutthree-quartersofthemaximumpossibleatthe
givenMachnuuiber.!lMsoondltionwasoausedpossiblybytheinteraction

%publisheddataoftestsconductedintheNAOAAmes1-by >footsuper-
sonicwindtunnelandthesupersonicfre*fli@ttunnelshowthatmild
pressurewavesaregeneratedbytheboundarylayerundergoingnatural
transition.

--- --- -.— —. -. —— ----
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betweentheboundarylayerandtheshockwavesontheconeandtheback
pressureinthesubscmicdiffuser(seereference10),cmbyinternal
flowseparationatthecowlfngwallresultingfra theentranceofa
velocitydiscontinuitysheetassuggestedInreference15.

Thetotal~ssurerecuveryattheMachnmiberof1.50was0.95of
thatthrougha normalshockwave;atM#2.CXl.Itwas10percenthigher
thanthenormalwaverecuvery.Themgximcmtotalpressurem9aaureain
thesettlingc-r ofthismodelatMo=.1.~wasonly3 percentless
tti thd oftheS~ modd testesatthehtis Laboratory(%=1.85)
atReynoldsmanitiersfourandone-halftimesthatofmdel C. These
maximaoccurredatthe_ mas-flowratio.a

The valuesoftk externalaxial-fcwcecoefficientat0°angleof
attackofmodelC wereabuutoneanda halftotwotinesthoseof
~til A,probablybecauseoftheadd.iti~dr~ duetoiiii3%sionahead
oftheentrance,asdiscussesInreference13. l’lgure9alsoshowsthe
externaldragc~fficientscalculatedfromtheschlierenphotographsby
thenethodofreference3,usinganapproximationsu~steabyNucciof
theLangleyLabcn-storytoestimatethedragauetotheouterportionof
thebowshockwave.(seereference16orappendti.] ~ mihzessh~
=re ca&ted ~hg K=l.o~a ticl* the*- a~ tO~
fhictioncdctiteacmthebasisoflo_ed. skin-frictionccafficients
(reference5)cwrecteafw compressibility(reference8).

Zngeneral,theassumptionof~ boundary-layerflowretitea
ina fairesthateoftheetiemaldrag(axial-fOrcecoefficientat
u=OO)throughtberan~ oftestkch nunbersatmxhum mass-flowratios,
Thedragcoefficients,ascalculaiwl&cm wavephtiographs,oftheinlet
operathgata reaucedmassflowwerelowinallcases.Theaiscre~cy
isprobablyduetotheinaccuracyofcalculationcausedbyinsufficient
lengthoftheheaashockwavevisibleinthephotographs,as&iscusse&
h theappendix.Ata Machnumberof2.01,wheretransitionofthe
boundarylayerismostlildytorecur(seediscussimafmdelsA and
B),andata reducesms%flowratiothedifferenceindragcoefficients
munts tothatwhichWoulabecausedbytransitionat0.6ofthe
cowlinglength.(Seefig.9(c).) Thesumoftheminimumexternalaxial-
forcecmfficientandtheaaditivedragcoefficient,ascd-tea using
reference13,isalsoshowninfigure9. Thisapprazimationapparently
givesa fairestimateoftheexternalaxial-forcec~fficientat
moderatelyreauceamass-flowratios.

sSticethe mm-flow ratiosasusd bytheLewisLaboratoryarebasalm
theareafimibytheinlet_ter .an&notflowarea,thenumerical 8
valuesof mJ~. arenotidenticalunlessaa-a toa commonrefez=
encearea. .“ .

. —. —... —— —. . . ——— --.—. . ______ . . . . .
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Theminimumextezmalaxial-forcecoefficientofmodelC,asshown
infigure10,increasedfromO.~7at theMachxumiberofl.kto0.097
at%=1.7andthendeoreasedto0.083atM#?.01.Thistrendisc-
sistentwiththatstatedinreference13fortheadditivedrag(whioh
constitutesthemajorportionofwavedrag)
belowareconsidered:

1. AttheMachnrmbersbelow1.9,the
outsidetheinletatallmass=flowratios.

2. AtandaboveaMaohnumberof1.9,

whentheobservationslisted

normalshookwaveremained

theno-l shookwavewas
insidetheinletatthemaximumflowcotition.

.Figure10alsoshuwstheminimumexternal-goraxial-forceooef-
fioientsata===”ofthemodeltestedattheLewisLaboratoq.Itis
evidentthata fairagreementexistsbetweenthevaluesofexternalwave
dragooeffioientsofthetwomodelsafterthefrictionaldragwassub-
tracted..(Seefig..10.) Thediscrepanciesmaybeduetotheexperi-
mentalinaccuraciesand.duetoprobableslightclifferencesinthelip
radiiofthetwocowlings.BeoauseofthesmallsizeofmodelC,a
smallerrorinthelipshapeduetomachiningmayberesponsiblefora
largeportionoftheobserveddifferenceintheminimumwav~ag ooef-
fioientsat%=2.01.Theeffectsoflipshapearegreatestwhenthe
shapeaffectsthepositionoftheentranoeshookwaveasistheeaseat
maxtnmmmass-flowratioswhenthefresstreemMaohnunberissufficiently
high.

Variationsintheangleofattaok(seefig.9)showedsmalleffeots
onthedaraoteristlosofmodelC atlowerMaohnumbers.Itshouldbe
notedthatinthiseasethemeximmmas-lowratiowasnotaffected
appreciably.However,whenthemass-flawratiodecreased~ peroentfor
u=9°at MO=2.01,thetotal-pressureratiodeoreasedapproximately6
percentandtheminimnmax2al<orceooeffioientincreasedabout60pe~
cent.

TheoharmteristicsofmodelD arepresentedinfigureIl..Themax-
imummas%flowratioofthismodelwaslargerthanthatofmodelC
beoauseofa largerooneangle,a largeranglebetweenthemodelaxis
andthelinejoiningtheconeapexandtheleadingedgeofthecowl,and
a sharplip.Thetotal-pressureratiosofmodelsD andC werenearlythe
sameatthelowerMachtiers; at M#2.01 themaximumreooveryof
modelD wasabout5 percentgreater.

Thedragcoefficientscalculatedfromschlierenphotographsusing
thesamemethodsasthoseusedintheeaseofmodelC alsoareshownin
figureD. At largemassflowsthemlmulateddragcoefficientsarein
fairagreementwiththemeasuredvalues.“AtallMaohnumibersthe

.- . . . . ——. —_____ _ .—— — ——. —.. .— . . ..
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photographsshoweda smallerpcmtionofthehad shockwavethanwith
modelC,andthusthecalculated’valuesofdragweresub$ecttogreater
error.Thedragcoefficient(minhumplusadditive)ascalculatedusing
reference13seemstogivea fah estbmteofaxial-forcecoefficientat
reducedmss-flowratios.

Theeffectsofan@e ofattackontheperformanceofmodelD were
largethroughoutthe_ oftestMch nunibers.Thelargesteffectson
theminimumaxiel-fcn%ecoefficientwereobservedat M#.01. Fm?an
an@e ofattackchange&cm 0°to~, theEnXhmunmass-flowratio
decreasedabuut8 percentandcausedtheminimumforcecoefficientto
increaseapproximtel.y20percent~a themaximumtotal~essureratio
todecrease8 percent.Thereasonforthelargedifferenceintheexte~
nalaxial-forcec~fficlentsatreducedmss-flowratios(seeM@.70
curve,fig.11)isnutclearlyevidOnt.

Thevariationoftheminimumexternalaxial-forceccefficientof
modslD withthelkchnumberisshowninfigure12. Thetrendis
similartothatofmodelc.

Incomparingtheaxial-farcecoefficientsofthevariousmodels,
considerationshouldbegiventotheeffectsofboundary-layertransi-
tion.Transition,asindicatedbyschlierenphotographs,isknownto
haveoccurredonmodelsA andB atcertdntestconditions.However,
thism3thodofdetectingtransitionisnotextrem31ysensitive-a there-
foreitispossiblethattransitioncouldhaveoccurredontherearp-
tionofanyofthemodelstestedwithoutbeingdetected.Sincethe
frictionaldragc~tititeaa significantporticmofthemasuredaxial
force,a chsngeinlocationoftransitionwtia havehada pronounced
effectonthem3asuredfarce.Thefrictionaldragwasnotm9af3ur0d
directlyand,therefore,theshownvariationsoftheexternalazial-
fmce coefficientswithmass-flowratioincludstheeffectsofchsnges
intheboundarylayer.Thisfactmayb responsiblefaratleastpart
ofthedifferencebetweenthemasuredvaluesofexkn’nalaxial-face
cc9fficientatr0hx3dmass-flowratiosma thosecalculatedtiom
schlierenphotographs,sincetheboundarylayerwasassuubdtoh
Iaminar.

CONCLUSIONS

Theperformancecharacteristicsoffuurnoseinletsweremasured
intheNACAbeg 8-by8-5.nchsupersonicwindtunnelatReynoldsnunibers
between0.4and0.8millionbasedontheinlet&Lamters.~ investi-
gationwasconductedintherangeofl&chrnnibersbetween1.40and2.01
~a ba tothefax G~CIUSiOM: “

.- —. ..- ..----- ._. . .. . . —..—- . . . . . — _ —-.—.— ___
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1. kOaagreementwasobtainedbetweenthemeasuredexternal
arlal<oroeooeffioientsat0°angleofattackandthecalculated.dmg
coefficientsofdiffusersoperatingatmaxhmnnmas~flowratios.The
valuesofminimumwavedragobtainedfora oonioal-shookinletshowed
fairagreamentwiththosemeasuredinthe8-by 6-footsupersonictunnel
attheNACALewisLaboratoryusinga simUarmodelatReynoldsnunibers
fourandonAuQf timeslarger.

2. Theetierqal@al<oroe coefficientsofthemnical+hook
inletsusingall~emal supersonicmxapressionwereaboutoneand.a
halftotwotimesthoseoftheoper+ncmeinletswithsupersonic
entranoes.

3. ldinimmexternalaxial-forcecoefficientsoccurred atmaxhum
mm-flowratiosandsmallreductionsinthemas+flowratiosconside~
ablyincreasedtheexternalaxial<orcecoeffioientsofalltheinlets.

4. !l?hesumofthemhimumexternalaxial-forcecoefficientsand
thetheoreticalafhiitiva coefficientsgavea fairestimateofdrag
coefficientsofinletstestedatreducedrmass+flowratios.

5. Theeffectsofanglesofattaokonthepressurereooverywere
generallysmall.Thearternalaxial-forcecoefficientsinoreased
mea-bly wtththeangleofattaokonlyinoaseswherethemeximum
mass+flowratiodeweasedwithincreasingangle.

AmesAeronautical~borato~,
NationalAdtisoryCommitteeforAeronautics,

MoffettField,Calif.

.
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EVAIJIATIOI!JOF DRAGCO?AXIALLYSYMMEEUCB-

FROMSHOCK+AmI!EKMOGRKPES

whentheSIWedoftheflowar~a a bodychangesfra a su~rsmic
velocitytnthefreestreamtoa subsonicvelmityandthenaccelerates
toa supersonicspeed.a@n, themathematicaleq..tionsthatdescribe
theflowbehaviorc- innaturefrmnhyperbolictoellipticandback
tohyperbolic.Sincenolmownanalyticalmethodsexistforsimultaneously
solvinglqperbolicandellipticdifferentialequatiauswithincomplete
b~ conditions,a lalxwiousmthcdofmtchlngindividualsolutions
mustbeused.Ifa photographofthebowwaveaheailofanaxlellys-
da?icbodyat0°angleofattackisavailable,thewavedragcanbe
determinedthroughuseofanyofthefollowingthreemthods:

1. Integrationof‘Aemcmmdwmandpressurechangebetweentwo
infinitecontrolplanesasinfigure13

2. Integrationoftheentropyriseacrossthebowshockwave

3. Integrationofthemomentumandpressureohangewithina closed
flewregionadJacenttothebody,theconditionswithinthis
region%eingcalculatedbythemethodof*cteristics

Thesethreemethodshavebeenproposedinthereferencesciteil
below.ItisthepurposeoftMs a~yendixtoreviewandfurtherclarify
theproceduresinvolvesbypresentingderivationsamddetailerlcomments
notgivenpreviously.

The‘fIrsttwomethodsrequireknowledgeoftheshapeofthewavecut
tothepointwhereitsstrengthiszero,whilethethirdmethodrequires
onlytheportional?thewaveboundingthecharacteristicsnetendingat
therearofthebody.Sinceinpracticetheentirewavecannotbe
photographedduetophysicallindtaticns,anapproximationmustbeused
toaccountforthedragcontributionoftheunavailableportionofthe
waveinthefirsttwomethods;thustheacouracyaependsontheexactness
.fithwhichthedecayofthebowwavemy bepredicted.

Method1: Thismthodwasproposedandusedinreference3. A
schematictiwlngofa bodyanditsheadshockwaveisshowninfigure
13. Thebodyisassumedtohavea bluntnosefol.lowedbyaninfinitely
longcylindricalafterbody,sothat,neglectingfriction,theentire
bodydragappearsinthedetachedbcwwave.Consideringthecontrol

.

.
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surfaces shown
flowequationfor
controlsurface:

infigure13,
thesummation

Lr [W~n+P
s

17

onecanwritethefollowingstea@-
offorcesinthe x directiononthe

cos(n,x)]ds= O (Al)

where

Vn velocitycompoentnormaltothecontrolsurface

p cos(n,x)pressurecomponetiinthe x d~ction

u localvelocity

n outward.normal

Withreferencetofigure

#

componentinthe

to s

13,equation(Al)

x direction

my berewrittenas

J( -POU02-P0)2 way + J( W2+P0 ) 2qdq +
o r

(dragmeasuredfromp=o)= O

or

f

m

(f?2%2+Po)Yay+ 2X J’
w (d+k).vq +-&w

o r

f

r

f

r
(-PO)2%~1 + po2Jrr~d.r~= o

0 0
where

P localpressureonthebody

Sincethethirdintegralisthebodydragrelativetothefree-stream
staticpressure,thelsstequationmaybesolvedfordrag.

. ....— ...— ___ .-— — ..— — -——— —. . . ..
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The80c~aintegralnb9yberO~OOa bytheMfferenoeof
thefirstextendingtiomzerotoinfinityandthesecmd
Thusoneobtains

NAM TN3T2k

twoIntegrals,
fromzerotor.

Whenthe continuityrehti= betweenthetwocontrolsurfaces
2Ytpou@y= =wwl

isapplied,thedragequationhomes

andthedragcoefficientisgivenby

Bymeansoftheenergyequation

(A2)

.

(u/uJ2=1+-[2/(7-1)~’] [1- (T/To)]

and.tbeentampyrelatian

&=opZn$-RZn$
o

(whereT/T. and p/p. exestatictemperatureanapressureratios,
respectively,aorosstheheaashcnkwave)
m

equation@2) canbewrittenis

%= Jr4wl-
0

L ..

{ [m n ‘%*sin*e-(7-l)7 (7-1
1+* 1- 2 1}]()2sin*e+2 JLd *

7+1 (7+l)Mo2sin%r

(M) -

—. —.. .... ..—. -— —.—.—.—. - — —-.
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wheree isthe100alshockwaveangle(seefig.13),To and Ho
arefreestreamtotal(stagnation)temperatureandpref3sure,respeo-
tivel.y,and T “andH correspondtoconditionsimmediatelyd~
streamofthewave.

Froma photographoftheflowabouta bodyata knownMachnunber,the
valuesofwaveamglee oanbetabulatedformrresponding(y/r)
distances,andthedragobtainedbygraphicalintegrationofequation
(A3).

Jlethod2: Themethodofintegrationoftheentropyriseaorossthe
bowshockwavewasproposedinreferenoe17(equation(68)),from
whichthefollowingex@essionis

4 =’n
%? f‘~ o

readilyobbined: - ---

(A4)

Thisequationcanbetrensformdbyuseoftheenergyandentropy
relationsinto

%=+(w’”{r%’an;:<’-*
[(7-QM02sin219+2 ~

(7+l)Mo2sin2e]’4}:.(:) (A5)
Equations(A3)and(As)areequivalente~ressionaforthewave

drag.

kbthod3: Thedeterminationofthebodysurfacepressuredistribu-
tionbythemgthmlofcharacteristicshasken explainedandusedin
references4 and16. Althoughverylaborious,thismthodrequiresa
pictureoftheshookwaveonlyextensiveenoughtocompletethec-
acteristicsnettothebodysurface.Withsuoha photograph,this
nethodismoreaccuratethanthefirsttwo.

Of thethreemthods,theffisttwohavepresupposeda pictureof
theentireshockwave,a atleastthatpm’tionofthewaveacrosswhich
theentiopychang9ssignificantly.Ihpractice,however,suchanexten-
sivepictureofa shookwaveis@nerallyunobtainable.Anapproxim-
ationistherefcmerequiredtoaccountforthedragcontributionofthe
unavailableportionofthewave.

References18and19suggesta mthodforfindingthepressuredrag
duetotheportionoftheheadshockwaveborderingthemibsonioregion
atthenoseofa bluntbody.Thismthodapproxhatestheheadshock

.— ---- -.. --— .—. ———. —.— —-. ..-—-— ——.— .——,,
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wavebya hyperbolaasymptotictoa fre-treem~ch wave.Inorderto
iietermineifa closeest-te oftiagdnetoa co@ete headshockwave
couldbeobtainedtbruughthismthodbyextqapdlationofthehyperbola
toinfinity,theheadwavedragofa sphereatthree~ch nuniberswas
computed.5 resultsshowninfigure14indicatepooragreementwith
masurenntsoftheactualfcm dragofspheres.Thediscrepancyis
probablythetothefactthata hyperbolaapproximatestheshapeofthe
shockwavewellenoughonlyinthesectionborderingthesubsonicregion,
whiletheshapeoftk outerpartoftheshockwavedeyilslargelyon
theSham ofthebody.Sinceinthecaseofa spheretbeshock+ave
curvaturechangescontinuously,theuseofa hyperbolatoobtainthe
entirepressuredragseemdreasonable.Thecurvatureofa shockwave
producedbya diffuserwitha subsonicentranceusuallydoesnotchange
continuouslyallalongitslength;thereforetheapplicationofa hype%
boliccurveisinvalidfordeterminationofdragduetoa completewave.

Anapproximation,outlluedinreference16,isvaluablesinceit
obviatesneedforlmmwledgeoftk outermostporticmofthewaveorthe
constructionofthecharacteristicsnet. Againreferringtofigure13,
fortheflowthrougha controlplaneHA,withinthestreamtubebounded
bythestreamlinesEP and AX311Z,thecontinuityeqpationstates

pouoa(fi)s pUa(q2)

therefore

(sinceq=r when Po)

With uo/u givenabovebytheenergyequation,and
y-1&=T

()
H~

P ~= +
itfollowsthat

()
%?

f
Y2 T

1’12=
o

1+
J *[’_(2)Ff (F,++

.
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. or

.

y-l

()H—&yH
[’-(V71

where
7-1

Now,writingthesummationofforcesfortheregionHABCDE?GH,
obtains

(A6)

one

or

where

K=
()
&
po GF

where(~)a isthebag inefficientobtainedbyuseof

(A7)

equation(A3)
or (A5)far‘theregion‘betweenB and G. PointG isas-d tobe
thelastvisiblepointontheshook=wavephotograph,and K isthe
ratioofthestaticpressureatsomepointalongthestreamlinefkom
pointG topointF to po.

Thevalueof K islmownonlyatthepointsG and F alongthe
streamline,beinggivenatpointG bytheequationforthepressure
risethroughanobliqueshockwave ,

(~~ ‘[’%2sti~~~(7-l)]G ‘
.-

.
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and equalto unity atpointF. HencetheaveragepressureratioK
liesbetween(p/po)Gand1.0.Thechoiceof K = (P/Po)G@nerallY
result%inanover@imted dragcoefficient,whilethechoiceof

11 l+(dpo)GK=~
J
generallyyieldsanunderestktedvalueuf ~.

Thefractionofthetotaldragtakenintoaccountbytheappr@uation
shouldbesmallifgod accuracyisdestiable.Thusthevalueof
(~). ~st becalculatedfcwa ~ spanofthebowwaveforbest ~
accuracy.

Beforeapplyingtheabovemethodstothecal~tion ofthedragof
diffusers,itwasdecidedtotesttheprocedureonspheres,forwhichan
experimentalfore-dragcurvead excellentwavephotographswereavail-
able.Figure14showstheexperimentaldatafromreference20andthe
calculatedvaluesofdrag.Itisevidentthattheportionsofthehead
shockwavescontainedinthephotographsfromwhichthewavedragwas
calculatedwereinsufficientforaccuratedeterminationofthedrag
coefficients.Sincethephotographsshowedthewaveshapesupto15
sphereradiifromtheaxisofsymmetry,itmaybeconcludedthatthe
visiblepartofthewavemustbedefinitelyinexcessofthisfigure.
Theindicatsddifferencesbetweenthedragcoefficientscalculated.by
themomentummethod(equation(A3))andtheentro~method(equation
(A5))areduesolelytoinaccuraciesincalculationsandmschsmical
integrations.Theapproximationoutlinedinreference16,whenapplied
tothedragcurveoffigure14ascalculatedbythemomentummethod,
yl.eldsa muchbetterest-te ofthedragcoefficients.However,to
obtainthisagreementitwasnecessarytousefor K thefullvalueof
pressureratioacrosstheobliqueshockwaveattheextremey/r visible
onthephotograph. .

Applicationofthemethodofcharacteristics,asoutlinedinrefe~
ence4,totheflowarounda l-inch%ametersphereata Machnuuiberof
3,Provedunsuccessful.Thecharacteristicsnetcouldnotbecompleted
fromtheshockwavetothespherebecauseofez%remelyslowconvergence
oftheMachnettowardthesphere.Theschlierenphotographsofspheres
usedfordragcalculationsweretakenintheAmes1-by>fmt supersonic
windtunnelsNo.1 andNo.2.

ADDITIONALcoImmRATlom

Theexperienceofcalculatingdragfromwavephotographsledtoa
fewobservationswhichmayaidinfuturework:

1. The@hotogra@hofthewavemustbeclear,accurate,andexte~
sive,inexcessof15maximumbodymadiiifpossible.Shadowgraph .

——. .—
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picturesarepreferabletoschlierenphotogra@sbecauseofbetterdef–
initionofthehead+ravecurvatureneertheleadingedgesofcowlings;
a smallerrorintheapparentcurvatureofthewaveimmediatelyaajacent
tothelipofa cowlingofsmallanglemayresultina largeerrorin
thecalculatmidrag.

2. Thefree+rlmwnWoh nunibermet beaccuratelyknown(fora
sphereat ~ = 1.520*0.004,~ = *0.01).

3. Thepositionofthebodyshouldbesuchthattheheailwaveit
createsdoesnotintersectanyotherpressuredisturbanceswhichmaybe
presentinthetunnel(e.g.,shockorexpansionwavescreatedbytunnel-
wallimperfections,modelsupport,etc.).

4. Themethodsarenotapplicabletothecalculationofdzagofa
bodythecros~ectionofwhichcontinuallyinoreaseswithinthefield
ofview.Inthiscase,a largeportionofthedragwouldhavetobe
esthmtedbymeahsoftheapproximationsuggestedbyNizcci,andthe
errorincalculateddragcoefficientwouldbelarge.

5. A bodyofrevcilutionmy yawslightlywithoutdisturbingthe
symmtryofthedetacheaheadshockwave;consequently,thewaveaxisof
s-try ratherthanthebodyaxisshouldbeusesasthe x axis.5
calculatedragcoefficientmustberesolvesinsuchcasesinthedirec-
tionofthebodyaxistoobtaintheaxial-forcecoefficient.

. . .. ...— —.__. ___. — -.--—-— --— --— — -— —-
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.
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